Characteristics of Beet Soilborne Mosaic Virus
In Texas in 1988, a virus in sugar beet was identified as being morphologically similar to beet necrotic yellow vein virus (BNYVV) but serologically distinct (25) . This virus was designated Texas 7 (TX7). Wisler et al. (43, 44) examined relationships between BNYVV and eight other rod-shaped virus isolates from Texas, Nebraska, and Idaho that were serologically indistinguishable from TX7. They coined the name beet soilborne mosaic virus (BSBMV) to identify these isolates and others with similar serological reaction.
Foliar symptoms in beets caused by BSBMV include slight leaf distortion, subtle overall mottling, and light yellow vein banding, which, as leaves age, can progress to broad chlorotic areas that usually remain associated with the veins. Some BSBMV isolates cause bright yellow veinal chlorosis more typically associated with infection by BNYVV (33) . Systemic foliar symptoms caused by BSBMV appear in field-grown sugar beets more frequently than do those caused by BNYVV, which occur only rarely. Although roots of sugar beets exhibiting foliar symptoms of BSBMV are often asymptomatic, some beets systemically infected with BSBMV exhibit root symptoms more typically associated with rhizomania, the disease caused by BNYVV in sugar beets. Symptoms of rhizomania can include stunting, proliferation of lateral roots, and constriction of the main taproot (9, 30, 39) . Several such beets have been positive in ELISA for BSBMV but negative for BNYVV (33) . The effects of BSBMV on sugar beet quality and yield have not yet been determined.
BNYVV and beet soilborne virus (BSBV) are multipartite, rigid, rod-shaped viruses that infect sugar beet and are transmitted, like BSBMV (44) , by Polymyxa betae Keskin. BNYVV and BSBV are tentative members of the genus Furovirus (13, 30, 39) . Yield loss due to BSBV has been reported in mechanically inoculated sugar beet in greenhouse studies, but in field-grown sugar beets BSBV-infected plants are usually asymptomatic (15) . Conversely, BNYVV reduces both sugar content and root yield. BNYVV is composed of particles 390, 265, 100, and 85 nm long and 20 nm wide (27) . Although most isolates of BNYVV are quadripartite, some isolates from Japan have a fifth RNA (30) . RNA species are 6.8, 4.7, 1.8, 1.5, and 1.45 kb in size and are polyadenylated at the 3´ end (3,28,30). BSBV particle lengths are 300, 150, and 65 nm (13) . The viral RNAs are not polyadenylated and are 3.6 and 3.2 kb, with a possible 6.0-kb species (16) . The fact that BNYVV possesses four or five polyadenylated RNA species separates it from other members of the genus Furovirus, which, like the type member soilborne wheat mosaic virus, are typically bipartite or tripartite and lack the 3´-polyA tail (3,30).
BNYVV and BSBMV are widely distributed throughout the sugar beet-growing region of Texas (11) , and isolates of BSBMV have been identified in California, Colorado, Idaho, Nebraska, Wyoming (33) , and, most recently, Minnesota (45) . BSBMV has not been identified outside of the United States. Often, BSBMV and BNYVV are found in the same field and even in the same plant. Because of the morphological similarities between BSBMV and BNYVV and the possibility that BSBMV can cause symptoms similar to those associated with rhizomania, some similarities and differences between these two viruses were characterized. Here we report some biological, physical, and serological characteristics of BSBMV and the severity of the disease it induces under greenhouse conditions. Accounts of a portion of this study have been published (12, 31, 32) .
MATERIALS AND METHODS
Virus source and purification. Sugar beets exhibiting typical foliar symptoms of BSBMV were collected from three locations in the Texas sugar beet-growing region and maintained in pots in the greenhouse (11) . Symptomatic leaf tissue was tested for BSBMV and BNYVV by DAS-ELISA as previously described (11) with some modifications. IgG to BSBMV and biotinylated IgG (11) were used at 5.0 or 3.0 µg/ml. Antibody incubation steps were 3-5 h at 37°C with an overnight sample incubation at 4°C and a blocking step of 1-2 h at 37°C. Substrate was added at 1.0 mg/ml. IgG to BNYVV was obtained from a commercial source (American Plant Diagnostics Inc., South Bend, IN) and was diluted 1:1,000 (v/v).
For virus increase, symptomatic sugar beet leaf tissue was ground in 0.1 M potassium phosphate buffer (KPB), pH 7.4, with 0.02 M sodium sulfite (inoculation buffer), and the extract was rubbed onto leaves of Chenopodium quinoa Willd. (a local lesion host of BSBMV) (44) previously dusted with 600-mesh Carborundum. For RNA analysis, the virus was passaged no more than four times through C. quinoa before being purified. BSBMV was purified as described by Kendall et al. (17) and Shirako and Brakke (36) with several modifications. The grinding buffer was amended with 2-mercaptoethanol to a final concentration of 0.1% (v/v). After the first low-speed centrifugation, the supernatant was strained through Miracloth (Calbiochem, La Jolla, CA). The first high-speed pellet was resuspended overnight at 4°C in 0.05 M borate buffer, pH 8.0, with 1 mM EDTA (resuspension buffer), and the second high-speed pellet was resuspended and either used immediately for nucleic acid extraction or stored at -20°C. BNYVV from infected C. quinoa and healthy C. quinoa extracts used as controls were prepared in the same manner.
Nucleic acid analysis. BSBMV RNAs were extracted from virions in purified preparations with chloroform and phenol (1:1) in 2× STE (34) with 1% sodium dodecyl sulfate (SDS), precipitated in three volumes of ethanol at -20°C and electrophoresed through a 1% agarose-formaldehyde denaturing gel in the presence of 0.5 µg/ml ethidium bromide (10, 17, 34) . Nucleic acid sizes were estimated relative to a 0.24-9.5 kb RNA ladder (Gibco BRL, Gaithersburg, MD). BNYVV or maize chlorotic mottle virus (MCMV, 4.4 kb) (26) were included as controls. MCMV RNA was provided by S. A. Lommel, North Carolina State University.
Polyadenylation of BSBMV RNA was determined by passage through an oligo (dT) cellulose column (Gibco BRL) according to the manufacturer's instructions. Red clover necrotic mosaic virus and potato virus Y RNAs were provided (S. A. Lommel) and used as non-polyadenylated and polyadenylated controls, respectively (8, 46) . Polyadenylated RNA was visualized by staining with ethidium bromide in 1% agarose gels.
For Northern hybridization, radioactive probes were generated by reamplification of BNYVV polymerase chain reaction (PCR) products (31, 35, 44) . BNYVV probes were made using primers specific for sequences from the 3´ and 5´ region of each RNA species of BNYVV (44) . A 20-µl PCR mix included 5 µl of the PCR product, 50 µCi [α-
32 P]dCTP (3,000 Ci/mmole), 0.2 mM each dNTP, 20 pmole primers (32) , 1 unit of Taq DNA polymerase (Cetus), and PCR buffer supplied by the manufacturer. PCR parameters were as previously described (32) except that the first 10-min extension step was omitted, and the number of cycles was reduced to 30. Following cDNA amplification, the layer of oil was removed by emulsification with chloroform and centrifugation, and the probes were isolated by placing the aqueous phase in a Millipore filter (10,000 NMWL filter unit), adding 100 µl of distilled water, and centrifuging at 6,000 rpm until 10-50 µl remained in the filter. This was performed two additional times to remove small fragments and unincorporated [α-
32 P]dCTP. The remaining concentrated probe solution was diluted with 100 µl of distilled water. In addition, RNA isolated from purified virion preparations and fractionated using the PolyATtract System 1000 (Promega) according to the manufacturer's instructions was used as template for synthesis of radiolabeled viral cDNA probes by incorporation of [α-32 P]dCTP using an oligo dT primer and reverse transcriptase as described (34) . The PolyATtract System was originally designed for use in separating mRNA from total RNA extractions, and a similar system has been used in isolating BNYVV RNA from infected root tissue (23) . Northern blots were prepared by separating the viral RNAs on 1% agarose gels and blotting them by capillary transfer to ZetaProbe membranes according to the supplier's instructions (Bio-Rad). The blots were hybridized overnight using 25 µl of the probe preparations under high stringency (0.5 M NaH 2 PO 4 , pH 7.2, with 1 mM EDTA and 7% SDS at 65°C) followed by washes in 40 mM NaH 2 PO 4 , pH 7.2, at 65°C (6, 34) .
Capsid and serological analysis and electron microscopy. Purified virions were denatured, and the capsid protein was separated in a discontinuous 12% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE; 8 × 7 cm, Hoefer, San Francisco, CA) and stained with Coomassie Brilliant Blue R-250 (24) . Capsid molecular mass was estimated using a 14.3-200 kilodalton (kDa) molecular mass standard (Gibco BRL). For Western blot analysis, BSBMV and BNYVV coat proteins were subjected to SDS-PAGE and electroblotted to nitrocellulose membranes in Towbin's buffer (42) . An extract from noninfected C. quinoa, prepared by the virion purification procedure described above, was included in the transfer, as well as a prestained molecular weight standard (Amersham International plc, Buckinghamshire, England). Membranes were probed with IgG to BSBMV diluted to approximately 1 µg/ml or IgG to BNYVV diluted 1:500, and the bound IgG was detected with goat antirabbit alkaline phosphatase conjugate. Antisera used were the same as those supplied for DAS-ELISAs. Blots were visualized with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (1,42). For SDS-PAGE and Western blot analyses, the concentration of BSBMV and BNYVV virus preparations were adjusted to approximately 1.6 mg/ml, assuming an E 0.1% 260 of 3.0 (22) . In early attempts to measure particle lengths, leaf dips were prepared directly from infected C. quinoa or sugar beet leaf tissue extracts. However, this method was inadequate for obtaining a number of particles high enough for measurement. Therefore, three methods were used in attempt to concentrate BSBMV particles to determine lengths and width while maintaining particle integrity.
In the first experiment, particles were concentrated from naturally infected sugar beet leaf tissue by carrying the virion purification procedure described above, with slight modification, through the first ultracentrifugation step. Leaf tissue was ground in ice cold borate buffer (7.5:1, v/w) using a mortar and pestle. After the first ultracentrifugation step, the pellet was resuspended, and particles were stained with 2% phosphotungstic acid (PTA), pH 6.2.
In the second experiment, virions were analyzed by serologically specific electron microscopy (SSEM) (7). Grids were incubated for 1 h at 24°C on IgG to BSBMV diluted 1:100 in 0.05 M Tris buffer, pH 7.2. Antiserum used for SSEM was the same as that provided for DAS-ELISA. Symptomatic beet leaf tissue was ground in 0.05 M Tris buffer, pH 8.4, with 0.4 M sucrose and 0.15 M NaCl (TSS) using a mortar and pestle. The extract was briefly clarified by centrifugation at 11,000 × g for approximately 2 min. After washing with Tris buffer, grids were incubated on a drop of plant extract for 4 h at 24°C, washed first with TSS and then with a steady stream of distilled water. Particles were stained with PTA.
In the third experiment, grids were incubated for 45 min on IgG to BSBMV diluted 1:100 in 0.1 M sodium phosphate buffer, pH 7.0, and washed with sterile distilled water. C. quinoa leaf tissue infected with BSBMV was ground in 0.1 M sodium phosphate buffer, pH 7.0, and the extract was clarified by brief centrifugation. IgG-coated grids were incubated on the extract for 45 min and washed with sterile distilled water, and particles were stained with 2% uranyl acetate. Particles in all three experiments were viewed using a Zeiss EM 109 electron microscope.
Host range. Purified BSBMV was inoculated to C. quinoa, and the virus was maintained by mechanical transmission. Inoculum was prepared from symptomatic leaf tissue ground in inoculation buffer, Virulence evaluation. Seed of sugar beet cultivar HH67 (Holly Hybrids, Sheridan, WY) were planted in sand in 9-cm 2 pots in the greenhouse. Seedlings were rinsed free of sand, and 25 8-to 12-day-old plants were placed in 50-ml plastic centrifuge tubes and vortexed for 45 s in 5 ml of inoculum containing 0.12 g of 600-mesh Carborundum. This procedure is similar to that previously described (14) . Inoculum consisted of 2 g of symptomatic C. quinoa leaf tissue infected with BNYVV or BSBMV that was ground, using a mortar and pestle, in 5 ml of inoculation buffer. The original inoculum used for virus increase was obtained from naturally systemically infected sugar beet leaf tissue, and the virus was passaged twice in C. quinoa. Seedlings were left in the inoculum for 5 min after vortexing and then rinsed with deionized water. Four seedlings were planted in a sand/commercial topsoil mixture in 2.5-L containers. Healthy controls consisted of seedlings vortexed in 5 ml of inoculation buffer containing 0.12 g of Carborundum and of seedlings transplanted without being vortexed. Ten replications were arranged in randomized complete blocks on one greenhouse bench. Nine weeks after planting, symptomatic leaf tissue from plants that survived transplanting was tested for BSBMV and BNYVV by DAS-ELISA, except these tests used IgG purified from polyclonal antisera raised in rabbits to BSBMV or BNYVV denatured capsid. IgG to BSBMV and IgG-biotin and IgG to BNYVV and IgG-biotin were used at 1.0 and 4.0 µg/ml, respectively. Asymptomatic leaf tissue was tested if no symptoms were evident. Plants were thinned 15 weeks after planting to the largest and most vigorous plant that tested positive (or negative, in the case of the healthy controls) for the respective virus. If no beets tested positive in a virus treatment replication, the largest plant was left to grow in the container. Plants were harvested 24 weeks after planting, and top and root dry weights were determined after drying at 58-60°C. The experiment was repeated once. Data were analyzed by the GLM program (SAS Institute), and treatment means were separated by Duncan's multiple range test (P = 0.05).
RESULTS
Nucleic acid analysis. Nucleic acids extracted from purified BSBMV preparations from three isolates separated into three or four discrete bands with estimated sizes of 6.6, 4.4, 1.2, and 1.0 kb (Fig. 1) ; 6.7, 4.9, and 1.8 kb; and 6.7, 4.6, 1.8, and 1.4 kb (results not shown), respectively, as determined by formaldehyde denaturing gel electrophoresis in three experiments. Proposed RNA numerical designations for BSBMV, in order of descending size, are shown in Table 1 . BSBMV RNA sizes are compared to those reported for BNYVV (30) . Banding patterns of BSBMV RNA bound by oligo (dT) cellulose (Fig. 2) were similar to those produced by BSBMV RNA in the denaturing gel, indicating the presence of a poly-A sequence in the genome. Radioactive probes generated from RT-PCR products near the 3´ end of each BNYVV RNA hybridized strongly with the corresponding BNYVV RNA and weakly with corresponding BSBMV RNAs 1, 2, and 4 but not with BSBMV RNA 3. Probes specific for the 5´ end of each BNYVV RNA hybridized only with the corresponding BNYVV RNA. A representative reaction using probes made to BNYVV RNA 2 is shown in Figure 3 . Probes made from unfractionated cDNA of BNYVV or BSBMV reacted strongly with all four RNA species in each homologous reaction but also reacted weakly in heterologous reactions (data not shown).
Capsid and serological analysis and electron microscopy. The molecular mass of BSBMV capsid protein was estimated by SDS-PAGE to be 22.5 kDa (Fig. 4) . BSBMV capsid protein consistently migrated slightly slower than that of BNYVV. In Western blots, BSBMV and BNYVV proteins reacted only with the homologous antiserum, and no reaction with healthy C. quinoa extracts was detected (Fig. 5) .
Particle width of BSBMV was estimated to be 19 nm (Fig. 6 ). Particle lengths in each of the three experiments were grouped into 10-nm-wide classes for frequency analysis. Results from each of the experiments were generally unsatisfactory, with particle lengths not consistently falling into size classes expected based on the RNA lengths of BSBMV. Particle lengths determined in the first experiment, in which virions from a partially purified preparation were measured, were widely distributed with particle modal lengths of 90, 100, 190, and 250 nm. In the first and second SSEM experiments, most of the particle lengths fell below 80 or between 90 and 110 nm, respectively. Weaker modal peaks were observed at 240, 290, and 390-400 nm in the second SSEM test.
Host range. BSBMV host plants and their symptoms, as determined by mechanical inoculation, included the following: B. maritima developed necrotic local lesions with yellow halos, followed by development of systemic mottling and stunting of new growth; in C. album, pale yellow local lesions developed on inoculated leaves; T. tetragonioides first developed pale yellow local lesions that later became bright yellow, and this was often followed by necrosis of the entire inoculated leaf. Plants of the remaining species tested did not develop symptoms, and BSBMV was not detected visually (by observation of symptom development) or by DAS-ELISA in C. quinoa backinoculated with extracts from asymptomatic leaf tissue.
Virulence evaluation. In the first greenhouse test, 20/33 plants in the BNYVV treatment (61%) and 14/38 of plants in the BSBMV treatment (37%) were positive when tested by DAS-ELISA for BNYVV and BSBMV, respectively, before plants were thinned. One BNYVV and two BSBMV replications did not include plants testing positive for the respective virus. In the second greenhouse test, 12/24 plants in the BNYVV treatment (50%) and 17/32 plants in the BSBMV treatment (53%) were positive for BNYVV and BSBMV, respectively, and one BNYVV replication contained no plants that tested positive for BNYVV. None of the plants tested was positive for the heterologous virus, and neither virus was detected in healthy control plants. In the first test, there were no differences among treatments in top dry weights, and in the second greenhouse test the only significant difference in top dry weights was between the mock-inoculated control and BNYVV treatments (Table 2 ). In both greenhouse tests, root dry weights in the BSBMV and BNYVV treatments were significantly lower than those of both healthy control treatments, and root dry weights in the BNYVV treatment were significantly lower than those in the BSBMV treatment. There was no difference in root weight between the two healthy control treatments.
DISCUSSION
BNYVV differs fundamentally from other furoviruses in that it possesses 3ṕ olyadenylated RNA and is composed of more than two particles. Prior to the first report of BSBMV in 1988 (25) , the only other multiparticulate rod-shaped virus transmitted by P. betae other than BNYVV lane 2) using [α-32 P]dCTP-labeled probes reamplified from BNYVV PCR products generated using primers specific to the 3´ (A) and 5( B) ends of BNYVV RNA 2. The sizes of the 3á nd 5´ probes were 312 and 209 bases, respectively. The probe specific to the 3´ end of BNYVV RNA 2 had a reverse primer (5T TCACACCCAGTCAGTA 3´) that annealed to nucleotide 4574, and the upstream primer (5Á ACTTAAATGCAAGAAAC 3´) annealed to nucleotide 4263 of RNA 2. The reverse primer for the probe specific to the 5´ end of BNYVV RNA 2 (5´ CGTACATTAGCAGATGC 3´) annealed to nucleotide 484, and the upstream primer (5´ CTGCGAATCTATCTATAA 3´) annealed to nucleotide 275. known to infect sugar beet was BSBV. Because of the size of the RNAs and lack of a poly(A) tail, BSBV is considered more similar to other members of the genus Furovirus than to BNYVV (16) .
BSBMV, like BNYVV, is transmitted by P. betae (44) and is a multiparticulate, rodshaped virus. The RNA is polyadenylated, and the number and size of BSBMV RNAs correspond closely to those of BNYVV. BSBMV RNAs 1 and 2 have been observed in all samples studied and correspond roughly in size to those reported for BNYVV RNAs 1 and 2 (30) . Although the two larger RNA species of BSBMV appear to be stable with regard to size, variation in length and number of the smaller RNAs is common. This is another characteristic in which BSBMV resembles BNYVV. The absence of one or both of the smaller RNAs of BNYVV has been observed frequently (3,5,20,21,29,30,40) . Although naturally occurring variation in length of BNYVV RNAs 3 and 4 has been reported (2,29), the small internal deletions or loss of entire RNA species usually is attributed to multiple passage through C. quinoa (5, 20, 30) . The nature of tissue selected for purification i.e., root vs. leaf tissue, has also been cited as a possible source of variation in smaller BNYVV RNAs (20) .
BNYVV and BSBMV are not the only furoviruses that exhibit genomic variation. Natural variation in RNA length has been reported with BSBV (19) , and genomic deletions in soilborne wheat mosaic virus, the type member of the genus Furovirus, can be caused by variations in air and/or soil temperatures at the time of sample collection (37) . Because variation is common among members of the genus Furovirus, it is not surprising that we detected variation in the number and size of BSBMV RNA species.
Depending on the antiserum used, serological cross reactivity between BSBMV and BNYVV in Western blots has been reported (43, 44) . Cross reactions also have been observed in ELISA (J. S. Gerik, personal communication) (44) . Under the conditions of our tests, no cross reactivity was detected in Western blots or ELISAs. Conflicting reports from different laboratories concerning cross reactivity between BSBMV and BNYVV are problematic. Varying results could be due to different techniques or antisera (18) . However, due to the importance of correct diagnosis, researchers working with BNYVV and BSBMV need to determine the source of variation and develop accurate, sensitive, and dependable techniques to differentiate these two viruses.
Because BSBMV particle morphology and the length and number of its RNAs are similar to those of BNYVV, the particle size distribution was expected to also be similar. Previous attempts to prepare leaf dips directly from C. quinoa or sugar beet leaf tissue extracts failed to produce an adequate number of particles for measurement (data not shown). To avoid potential particle fracturing or aggregation caused by purification (3,4) or by the use of PTA, particles were examined by SSEM from clarified sap and stained with uranyl acetate. Still, no clear histogram peaks emerged in length ranges expected for BSBMV. Fracturing may have been due to the pH or salt concentration of buffers used in the SSEM studies, resulting in a high number of shorter particles and relatively few longer particles.
Based on results of the greenhouse study, BSBMV is mildly virulent. Sugar beets infected with BSBMV had significantly reduced root weight compared to those of the healthy controls, but root weight of beets in the BSBMV treatment was significantly greater than that of beets in the BNYVV treatment. Results from the greenhouse study indicated that, under certain conditions, BSBMV has the potential to cause damage in sugar beets, though to a lesser degree than BNYVV. A field study, in which sugar beets are grown in a more natural environment, is needed to confirm the results of the greenhouse study.
BSBMV is serologically distinct from BNYVV and causes foliar and root symptoms that differ from those caused by BNYVV in naturally infected sugar beets. However, based on particle number and morphology, host range (38, 44) transmission by P. betae (44) , and the presence of polyadenylated RNA (30), we suggest that, under current taxonomic guidelines, BSBMV should be considered a member of the genus Furovirus, more similar to BNYVV than to the Furovirus type virus (soilborne wheat mosaic virus) (36). Al- w Sugar beet seedlings were mechanically inoculated by vortexing with Carborundum in inoculum consisting of BSBMV-or BNYVV-infected C. quinoa leaf tissue ground in inoculation buffer. Healthy controls consisted of seedlings mock-inoculated with inoculation buffer + Carborundum and of seedlings transplanted without being vortexed. x Dry weights were determined after plant tops and roots were dried at 58-60°C until no change in weight was detected. y Means are the average of 10 single-plant replications. The presence or absence of virus was confirmed by DAS-ELISA. z Means followed by the same letter within columns are not significantly different according to Dun- can's multiple range test (P = 0.05). 
